Figure 1. Expression of Ephrins-A in Muscle (A) Ephrin-A1-A5 RNAs in shoulder and forelimb (rostral, R) and thigh and hindlimb (caudal, C) muscles from E16 embryos (left column) and neonatal mice (right columns). RNAs were detected by quantitative RT-PCR in embryonic muscle and by Northern blotting in neonatal muscle.
At both ages, ephrin-A1, -A2, -A4, and -A5 RNAs were readily detected, with ephrin-A1 and ephrin-A5 RNAs being 2-to 4-fold more abundant in rostral than in caudal muscle. In the experiment shown here, the ratio of product (R/C) was 2.3, 1.0, 0.5, 1.0, and 2.0 for A1-A5, respectively. EF-1␣ primers were used in RT-PCR to ensure equal input (left), and EF-1␣ cDNA was used to reprobe Northern blots to ensure equal loading (data not shown). Northern blotting of whole E16 embryos (column marked "E") showed that RNAs in muscle were the same size as those in embryos. Markers indicate the position of the 2.4 kb standard for ephrins-A1-A4 and 9.5 kb standard for ephrin-A5. (B) Sections of muscle stained with EphA3-AP or EphA5-Fc fusion proteins, which bind to ephrins-A but not to ephrins-B. Ephrins-A were present on myotube surfaces at E15 (Ba and Be); levels declined perinatally (Bg), both synaptically and extrasynaptically (Bh and Bi), and no expression was detectable in adults (Bk). Longitudinal section of a muscle that was stained live prior to sectioning showed that ephrins were extracellular. A single myotube is shown at high magnification (Bc). Control proteins (Fc, AP, or EphB-Fc) did not stain (Bb, Bd, and Bf; data not shown). (Bi) shows the same field as (Bh), counterstained with rhodamine-␣-bungarotoxin (BTX) to mark synaptic sites. Denervation of neonatal (Bj) and adult (data not shown) muscle led to increased levels of myotube-associated ephrins. Scale bar in (Bk), 20 m (Ba, Bb, and Be-Bk) and 8 m (Bc and Bd). ization as a gene expressed at higher levels in rostral present study, we asked whether other ephrins of the A subfamily are also present in muscles. RNA from rostral than in caudal muscle . Second, at least three Eph kinases, EphA3-EphA5, are expressed (shoulder and forelimb) or caudal (thigh and hindlimb) muscles of embryonic day 16 (E16) mice was assayed by subsets of motoneurons (Ohta et -A2, -A4, and -A5 were readily detectable in both rostral and caudal samples, and ephrin-A3 was present at low 1997; Wang and Anderson, 1997). Finally, motor axons respond differentially to membranes from rostrally and levels ( Figure 1A , left). Ephrin-A1 and ephrin-A5 RNAs caudally derived myotubes (Wang et al., 1999) in assays were 2-to 3-fold more abundant in rostral than in caudal similar to those used to detect effects of tectal ephrins muscle; ephrins-A2 and -A4 were present at similar levon retinal axons (Walter et al., 1987a; Drescher et al., els in rostral and caudal muscles; ephrin-A3 appeared 1995; Nakamoto et al., 1996) . Based on these parallels, to be more abundant in caudal than in rostral muscle in we hypothesized that muscle-derived ephrins mediate some experiments. To confirm the difference between or modulate positionally selective synapse formation, rostral and caudal muscles by a second method, we and we designed experiments to test this hypothesis.
used Northern blotting. Neonates were used for this experiment, due to the difficulty of obtaining sufficient RNA from small subsets of embryonic muscles. Again, Results ephrin-A1 and ephrin-A5 RNAs were more abundant in rostral than in caudal muscle, ephrin-A2 and ephrinDevelopmental Regulation of Ephrins-A in Muscle A4 RNAs were equally abundant in both samples, and We previously showed that ephrin-A5 is expressed in skeletal muscles (Donoghue et al., 1996). To begin the ephrin-A3 RNA was barely detectable ( Figure 1A, right) .
In all cases, ephrin RNAs were identical in size to those detected in whole embryos. Muscles contain numerous cell types, including myoblasts, myotubes, fibroblasts, vascular cells, glial cells, and axons. To determine the cellular source of intramuscular ephrins, we stained sections with fusion proteins in which the ectodomain of an EphA kinase was fused either to the Fc fragment of a human immunoglobulin (Ig) protein (EphA5-Fc) or to alkaline phosphatase (EphA3-AP). Such fusion proteins have been shown to recognize all ephrins of the A subfamily but not those of the B subfamily (Gale et al., 1996). Ephrins-A were present in a punctate pattern on the surface of and between myotubes (Figures 1Ba and 1Be) . In some experiments, live muscles were incubated with the fusion protein, then fixed and sectioned, to show that ephrins are extracellular and therefore potentially accessible to ingrowing axons (Figures 1Bc and 1Bd ). Ephrins were present at lower levels on neonatal myotubes and were undetectable in adult muscle (Figures 1Bg and 1Bk ). This developmental decrease in protein level mirrors that documented previously at the RNA level for ephrin-A5 (Donoghue et al., 1996). Similar results were obtained with both probes, and no staining was observed with Fc alone, AP alone, or an EphB-Fc probe that recognized ephrins-B (Figures 1Bb, 1Bd , and 1Bf; data not shown).
Because synaptic sites occupy only a small fraction of the muscle fiber surface, persistent ephrin expression at or near adult synapses might escape detection. We therefore doubly labeled muscles with EphA5-Fc plus rhodamine-␣-bungarotoxin, which binds to acetylcholine receptors and thereby marks synaptic sites. Levels of ephrin-A were no higher at synaptic sites than elsewhere in neonatal muscle, and no ephrin was detectable at adult synapses (Figures 1Bh and 1Bi ; data not shown).
In adults, motor axons can innervate denervated muscle but cannot hyperinnervate normal muscle. We there- (first pair of bars), neurites from caudal explants were are better able than are rostral neurites to detect differences in ephrin concentration. significantly shorter than those from rostral explants (p Ͻ 0.05). In contrast, outgrowth from both types of explants was equivalent on control (ephrin-free) memDisrupted Neuromuscular Topography in Muscles that Overexpress Ephrin-A5 branes and on membranes in which ephrins had been inactivated by heating (Walter et al., 1987b) . Thus, To assess responses of motor axons to muscle-derived ephrins in vivo, we generated transgenic mice in which whereas ephrin-A5 inhibits outgrowth from both rostral and caudal motoneurons, the caudally derived population ephrin-A5 was selectively overexpressed in muscle fibers ( Figure 3A) . We used regulatory elements from the is on average more sensitive than is the rostral population.
Second, we used the method of Baier and Bonhoeffer myosin light chain (MLC) 1f/3f chain gene for this purpose because they promote high levels of transgene (1992) to form shallow gradients of ephrin-A5-rich membranes, placed rostral or caudal spinal cord slices at expression in skeletal muscle fibers but are not detectably expressed in nonmuscle tissues or in nonmusthe midpoint of the gradient, and measured neurite outgrowth in both directions ( Figure 2C . Briefly, the lower the ASI, the more rostral the in the sciatic nerve. Some gluteal motor axons exit the subset of axons that innervated the sector. Using this sciatic through the superior gluteal nerve (SGN), which index, the difference between wild-type and transgenic enters the muscle near its rostral edge, while the remainmuscles was consistent and significant in this series of der exit through the inferior gluteal nerve (IGN) to enter experiments ( Figure 4D ), and topography was virtually the muscle from the caudal edge. Axons from both abolished in a separate set of experiments described in nerves then travel perpendicular to the muscle fibers, the next section. Thus, overexpression of ephrin-A5 in forming a single endplate band near the center of the the gluteus muscle impairs the ability of the motor nerve muscle ( Figure 4A ). We dissected lumbar spinal nerves to form an intramuscular topographic map of synaptic L1-L6, the sciatic nerve, the SGN and IGN, and the connectivity. gluteus muscle in continuity and used small pins to demarcate ten equal sized sectors of the muscle. We then Locus of the Neuromuscular Defect stimulated ventral roots or groups of ventral rootlets and in Ephrin-A5-Overexpressing Mice determined which sectors of the muscle they innervated.
Ephrin-A5 overexpression in muscle fibers could perturb This determination was made either by recording comneuromuscular topography by affecting target recognipound muscle action potentials from individual sectors tion or synaptic stability. However, alterations in topogwith an extracellular electrode or by mapping localized raphy could also be indirect consequences of nonsyncontractile responses within individual sectors. aptic effects. For example, the position of the motor pool Both methods showed that the rostrocaudal axis of might be altered, axons might make aberrant choices in the gluteus motor pool is mapped onto the rostrocaudal entering the SGN or IGN, or the geometry of the intraaxis of the muscle in wild-type mice and revealed that muscular nerve might be affected. We undertook a sethis map is dramatically degraded in MLC-EA5 mice. For ries of experiments to test these alternatives. example, stimulation of L3 evoked a larger compound First, we determined the rostrocaudal position of gluaction potential in muscle sector 4 of a wild-type mouse teus motor neurons by retrograde labeling from the muscle. In both wild-type and MLC-EA5 transgenic mice, than did stimulation of L4 (L3:L4 ϭ 1.8), whereas the Because projections through a single nerve are uncontaminated by axonal choices within the sciatic, we the rostrocaudal extent of the pool nor the apparent number of neurons in it differed between wild-type and reexamined the effects of ephrin overexpression on neuromuscular topography by assaying maps formed transgenic mice. Thus, alterations in the position of the motor pool neither resulted from nor led to alteration in through the IGN in a series of ten wild-type and ten MLC-EA5 mice. As shown in Figure 5D , axons entering intramuscular topography in MLC-EA5 transgenic mice.
Next, we asked whether axonal choices within the the gluteus through the IGN showed virtually no positional bias in MLC-EA5 mice. To judge how consistent sciatic nerve were responsible for topography in the wild-type gluteus or for its disruption in MLC-EA5 mice.
this effect was, we compared the ASI of the two rostralmost and two caudalmost sectors from each muscle For example, more rostrally derived motor axons might be specified to exit the sciatic through the SGN in wild ( Figure 5F ). This difference was positive in all ten wildtype muscles (mean ϭ 1.9), abolished in MLC-EA5 mustypes and thereby innervate the rostral part of the muscle. If this were the case, altered sorting of gluteus motor cles (mean ϭ Ϫ0.04), and greater in nine of ten wildtype muscles than in any but one of the ten MLC-EA5 axons in the sciatic nerves of MLC-EA5 mice could impair topography. To test these possibilities, we cut either muscles (dotted line in Figure 5F ). Thus, the choices of axons at exit points from the sciatic nerve can explain the SGN or the IGN before assessing contractile responses so that we could determine the projection patneither topographic mapping in normal muscles nor disruption of the map in the mutant. tern of axons that entered the muscle through a single nerve. In wild-type mice, axons that entered through
As an additional means of testing the possibility that transgene expression affected axonal choices within the each nerve formed an orderly map onto the gluteus, indicating that axonal choices within the sciatic nerve sciatic, we asked which ventral roots innervated the gluteus through the IGN. In fact, there was no marked are not responsible for (although they may influence) neuromuscular topography. Moreover, maps formed by difference between the segmental origin of inputs to the Ϫ/Ϫ diaphragm, chosen becant differences were detected between wild-type and MLC-EA5 mice either in the overall branching patterns cause we have previously studied the topography of its innervation in detail Sanes, 1987, 1988; or 
in the territories innervated by either nerve branch (data not shown). Taken together with the selective exLaskowski and Owens, 1994). pression of the transgene in muscle fibers, these results
The diaphragm is innervated through the paired phrenic provide strong evidence that ephrin-A5 overexpression nerves, which travel through the thorax carrying axons disrupts the neuromuscular map at the synaptic level.
that arise through cervical roots C3-C6. Each nerve enters the ipsilateral hemidiaphragm near its midpoint, then bifurcates to form intramuscular branches that inNeuromuscular Defects in Mice Lacking Ephrins-A2 and -A5
nervate the rostral and caudal quadrants ( Figure 6A ). Most axons that arise from the rostral portion of the Results from MLC-EA5 mice show that exogenous ephrins can affect synapses. To ask whether endogemotor pool (C3 and C4) enter the rostral intramuscular branch, whereas caudally derived axons (from C5 or nous ephrins are involved in the establishment of neuromuscular topography, we examined muscles of mice C6) enter the caudal branch. In addition, within each quadrant, the rostrocaudal axis of the motor pool is topographically mapped onto the rostrocaudal axis of the muscle. Together, the segregation of axons at the main branchpoint and the intramuscular maps within each quadrant give rise to an orderly topographic map that extends along the entire hemidiaphragm (Laskowski and Sanes, 1987). The embryonic diaphragm, like other muscles, expresses ephrins-A ( Figure 6B ). Innervation was assessed as described above for MLC-EA5 muscles. The muscle was divided into sectors, based on the association of fibers with successive ribs (Laskowski and Sanes, 1987); ventral roots C3-C6 were stimulated separately, and inputs to each sector were noted. As we showed previously for rat, the rostrocaudal axis of the phrenic motor pool was mapped onto the surface of the diaphragm in wild-type mice. This mapping was impaired in ephrin-A2 Ϫ/Ϫ :ephrin-A5 Ϫ/Ϫ double mutants ( Figure 6C ). Axons appeared to make appropriate choices between the rostral and caudal intramuscular nerve branches as they entered the diaphragm (data not shown), but they did not form appropriate maps within each quadrant ( Figure 6D) . Comparison of the ASI of the two rostralmost and two caudalmost sectors from the caudal quadrant of each muscle (as detailed above for gluteus) confirmed that the difference was a consistent one: the difference was greater in all six of the double mutant diaphragms tested than in any of the five control diaphragms (dotted line in Figure  6E ). Thus, loss and gain of ephrin function both perturb neuromuscular topography.
We used retrograde labeling to determine whether loss of ephrins-A2 and -A5 affected the position of the phrenic (diaphragm) motor pool. The pool extended from the levels of the C3 to the C6 ventral root in both controls and ephrin-A2 ( Figure 7A ) and can be divided into a series of eight
The motor pool was longer and also shifted caudally in the mutant. rostrocaudally arrayed sectors. Initial studies showed that motor axons innervating the acromiotrapezius exit the central nervous system through the spinal accessory all but the two rostralmost sectors of control muscles, but they passed over five rostral segments in mutant nerve (cranial nerve XI) and the rostralmost cervical ventral roots; the inputs from the cervical spinal roots join muscles, to innervate only the three caudalmost sectors ( Figure 8B ). The caudalward shift caused by loss of to form a single connective that then fuses with the spinal accessory nerve, forming a single nerve that enephrin-A5 therefore covered nearly half of the muscle (that is, three of eight sectors). ters the muscle.
All sectors of the acromiotrapezius in both controls As described above for the gluteus and diapragm, we used retrograde labeling to locate the acromiotrapezius and mutants were innervated by axons from both the spinal accessory nerve and the cervical connective. motor pool. In control mice, this pool extended from the caudalmost portion of the brainstem to the third cervical However, a distinct subset of low threshold motor axons that ran through the cervical connective (revealed by segment of the spinal cord ( Figure 8C, top) . In ephrin-A5 Ϫ/Ϫ mutants, the motor pool occupied a similar posistimulation at low voltage) displayed distinct preferences in mutants and controls. These axons innervated tion in the dorsoventral plane (data not shown) but was altered in two ways ( Figure 8C, bottom) ., 1991a) . Third, further studMoreover, the position of at least one motor pool-that ies will be required to determine how the distribution of of the acromiotrapezius muscle-is shifted in ephrin-A5 Eph kinases varies among motor axons. Finally, it will be mutant mice, indicating that loss of ephrins affects necessary to incorporate evidence that muscles express neuromuscular connectivity by intraspinal mechanisms. The Eph kinase ligand AL-1 is expressed by rostral muscles and inhibits outgrowth from caudal neurons. Mol. Cell. Neurosci. 8,
Eph kinases as well as ephrins and that cells of the

